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Open access under the ElsThe adsorption of SPADNS (trisodium salt of 2-(p-sulfophenylazo)-1,8-dihydroxynaphthalene-3,6-disul-
fonic acid) onto resins XAD 2, XAD 7 and silica gel was studied in the presence and in the absence of the
cationic surfactant CTAB (cetyl trimethylammonium bromide). At a ratio of 2.5 CTAB to 1 SPADNS, the
surfactant caused a marked increase in SPADNS adsorption. The experimental results for adsorption ver-
sus time were applied on the basis of three kinetic models (pseudo-ﬁrst-order Lagergren, pseudo-second-
order, and intraparticle diffusion). The interaction between CTAB and SPADNS was investigated using
spectrophotometric, conductometric, and computational techniques. Theoretical results point to the for-
mation of an ion pair between CTAB and SPADNS that inﬂuences the solution spectra, in agreement with
conductometric and spectrophotometric data.
 2011 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Azo complexing agents represent the largest and most impor-
tant group of synthetic dyes. These compounds have a basic struc-
ture of ArAN@NAAr0 (where Ar and Ar0 = aromatic groups). The
AN@NA azo group is the chromophore responsible for the color
of these compounds [1]. Azo dyes have several industrial applica-
tions, including textile, paper production, leather, food, and cos-
metics [2,3].
The SPADNS (trisodium salt of 2-(p-sulfophenylazo)-1,8-dihy-
droxynaphthalene-3,6-disulfonic acid), Supplementary material –
Fig. SM.1, is an azo complexing reagent, commercially available,
water-soluble, and utilized for the spectrophotometric determina-
tion of numerous metal ions [4,5]. The ability of SPADNS to form
complexes with metals depends signiﬁcantly on the pH of the
medium (pK1 9.50 and pK2 11.95) [4,6]. The H2L3 species, an anion
obtained by dissociation of the three ASO3 Na
þ groups, predomi-
nates in solutions with pH less than 8.0. The HL4 species shows
predominance in solutions with pH equal to approximately 11.0,
and the L5 anion predominates when pH is greater than 13, Sup-
plementary material – Fig. SM.2.
Adsorption studies of compounds in different solid phases, such
as azo dyes, are vital to analytical chemistry as it can help to im-. Gomes), ludiasf@gmail.com
de-Mello), mauricio.neto@u-
fabc.edu.br (I. Gaubeur).
evier OA license. prove the detectability and selectivity [7–12] of analytical methods
by developing new solid phases with targeted properties.
Many industrial processes, such as textile, rely on surfactants
and dyes for the coloring process. The interaction between surfac-
tants and dyes can help understand and improve advantages in
point of view technological, economic, and ecological at industrial
process [13].
Spectrophotometry, polarography, potentiometry, conductome-
try, and atomistic modeling techniques have been used to better
understand dye–surfactant interactions. Emphasis has been placed
on methods that can characterize the solution structure of dye–
surfactant mixtures and how that structure correlates with the
adsorption results. Two of the possible phenomena that can change
adsorption proﬁles are dye aggregation and ion pair formation be-
tween dye and surfactant [13]. Atomistic simulation techniques
have been used to obtain a microscopy view of the ion pair forma-
tion and resulting solution structure and spectra of dye–surfactant
mixtures. Moreover, density functional theory has been used to
suggest the preferred aggregation site between the dye and the
surfactant.
The adsorption ability of different solid phases to dyes, surfac-
tants, or dye–surfactant products is dependent on the available
surface area, polarity, contact time, pH, and the degree of hydro-
phobic nature of the adsorbent and adsorbate [14]. Kinetic models
of adsorption and desorption have been developed and some of
them describe the adsorption process, adsorption velocity of mol-
ecules, the maximum mass adsorption of adsorbate on adsorbent,
and the rate constant [15–17].
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SPADNS, a dye, in the presence of CTAB, a surfactant (cetyl trime-
thylammonium bromide), onto Amberlite XAD 2 and XAD 7 resins
as well as on silica gel. The kinetic models used were pseudo-ﬁrst-
order, pseudo-second-order, and intraparticle diffusion. The inter-
action between SPADNS and CTAB was studied using spectroscopic
and conductivity measurements as well as by atomistic simulation
techniques. Results obtained for the adsorption proﬁle for SPADNS
were interpreted in light of the ion pair formation hypothesis.2. Materials and methods
2.1. Instrumentation
The absorption spectra of SPADNS were obtained using a UV –
2450 spectrophotometer (Shimadzu, Kyoto, Japan) equipped with
a 1.00 cm quartz cell.
The pH measurements were obtained with a Docu-pHmeter
(Sartorius, Goettingen, Germany) equipped with a combined glass
electrode and Ag/AgCl reference electrode from the same manufac-
turer. The speciﬁc conductance of surfactant solutions with and
without CTAB was measured on a W120 conductivity (Bel Engi-
neering, Monza, Italy) ﬁtted with a conductivity cell with a con-
stant of 1.028 cm1. Temperature was maintained at 25.0 ± 0.1 C
with a thermostatic bath microprocessor (Solab, Piracicaba, São
Paulo, Brazil).
The contact experiment between the solid phase (either resins
or silica) and SPADNS was performed on a shaker MA – 140 (Mar-
coni, Piracicaba, São Paulo, Brazil) with controlled velocity. The
centrifugation of the mixtures was carried out with a QM222TM
centrifuge (Quimis, São Paulo, Brazil).2.2. Reagents and solutions
All solutions were prepared using analytical grade reagents, and
deionized water obtained from Milli-Q system (Millipore, Bedford,
MA, USA).
Stock solutions of 1.0  102 and 1.0  103 mol L1 SPADNS
were prepared from solid SPADNS, Merck (570.4 g mol1 and pur-
ity 80%) in 100 mL of deionized water. A stock solution of
0.01 mol L1 CTAB (Aldrich Chemical Company, Inc.) was prepared
daily.
The pH values of SPADNS solutions were adjusted with solu-
tions of 0.01 mol L1 HCl, 5.0 mol L1 NaOH, and NH4OH/NH4Cl.
Some properties of the resins Amberlite XAD 2 and XAD 7, and
the silica gel from Supelco, Sigma–Aldrich, and Merck, respec-
tively, are described in Table 1.
The solid phases were washed to remove any impurity and re-
agents – such as NaCl and Na2CO3 added to the resins – and to en-
sure that active sites were available for the adsorption of SPANDS.
XAD 2, XAD 7, and silica gel were washed with 0.1 mol L1 HCl for
15 min – resins – and for 24 h – silica gel [15]. They were then ﬁl-
tered, washed with deionized water until the pH was approxi-
mately equal to 5.5 and ﬁnally dried in a desiccator for 4 days.Table 1
Main properties of the resins Amberlite XAD 2, XAD 7, and silica gel.
General parameters Physical properties
XAD 2 XAD 7 Silica gel 60
Surface area (m2 g1) 330 450 550
Mean pore volume (cm3 g1) 0.976 1.140 0.5 a 1
Mean pore diameter (Å) 90 80 63–200 lm
Porosity (cm3 cm3) 0.420 0.550 –
Density (g cm3) 1.07 1.24 0.20 a 1.432.3. Adsorption experiments: kinetic study
To study the adsorption of SPADNS in XAD 2, XAD 7, and silica
gel, the acidity of SPADNS solutions was varied to ensure the pre-
dominance of a given species of SPADNS (H2L3, HL4 and L5),
Supplementary material (Fig. SM.2).
The adsorption of SPADNS onto solid phases in the presence of
CTAB was evaluated at different concentrations of CTAB between
(0.1 and 1)  103 mol L1 and at different pH values. After deﬁn-
ing the best molar ratio between CTAB and SPADNS to be 2.5:1
at a pH of 7.0, the concentration of SPADNS was varied between
2.0 and 6.0  105 mol L1.
To obtain the adsorption data in the presence and in the ab-
sence of CTAB, aliquots of 10.0 mL of SPADNS were transferred to
Falcon tubes containing approximately 0.1 g of resins or silica
gel. The mixture was maintained under agitation, at constant speed
and temperature (25 ± 1 C), and an aliquot of supernatant was col-
lect every 5 min up to 60 min, 25 min, and 50 min for XAD 2, XAD
7, and silica gel, respectively.
The concentration of SPADNS, at supernatant aliquots, was ob-
tained from the absorbance measurement and analytical curves
parameters previously obtained. The mass of SPANDS adsorbed
per mass of solid phase was calculated from the differences be-
tween the initial and ﬁnal concentrations of SPADNS.2.4. Computational details
Density functional theory (DFT) with the B3LYP [18,19] func-
tional and DGDZVP [20,21] basis set was used as implemented in
the Gaussian03 package [22] to obtain trans- and cis-SPADNS as
well as CTAB equilibrium geometries and electronic properties
(such as total energy and dipole moment). Frequency calculations
were performed to ensure that the obtained structures corre-
sponded to minima on the potential energy surfaces. This method-
ology has been previously employed to give insight into the
interaction between surfactant and phenothiazine dye [23] and be-
tween diazo dye molecules in LB ﬁlms [24].
A set of calculations was performed were temperature, solvent,
and counter ion effects on the spectra were considered. Explicit
solvent molecular dynamic calculations were carried out in the
NVP ensemble in order to obtain distinct solution conﬁgurations
for the solute, counter ion, and solvent molecules in the condensed
phase. These structures were used in quantum calculations in or-
der to describe the condensed-phase electronic spectra of SPADNS.
Two initial setups that match the species charge state at pH 7 were
considered, they are as follows: (i) the negatively charged ionized
azo dye SPADNS along three surfactant CTAB molecules (SPADNS/
3CTAB) and no sodium counter ions and (ii) the ionized SPADNS
salt and its three sodium counter ions (SPADNS/3Na+).
The GAFF [25] force ﬁeld was used along with the AMBER 10
[26] suite of programs to generate a 1 ns trajectory for the two set-
ups considered. TIP3P [27] was the water model used in all molec-
ular dynamics calculations. Electrostatically derived point charges
for the SPADNS and CTAB were calculated with the Gaussian03
[22] package using the Merz–Singh–Kollman scheme [28]. An octa-
hedral box was used along a Berendsen thermostat and barostat
[29] with coupling constants 1 ps and 5 ps, respectively, to equili-
brate the system at a temperature of 300 K and a pressure of 1 bar.
A minimum distance of 10 Å between periodic images was used for
the solute. The systemwas equilibrated for 200 ps at constant tem-
perature and for another 100 ps at constant pressure before the
geometries containing 100 water molecules plus the solute were
collected every 100 ps for spectra calculations. More details of
the simulation procedures used in our studies are given in the Sup-
plementary material.
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3.1. Kinetic study of SPADNS adsorption onto solid phases
Initially, we evaluated SPADNS adsorption at different pH val-
ues or in the predominance of different species – H2L3, HL4,
and L5, Supplementary material Fig. SM.2. We observed that the
percentage of H2L3 species adsorbed was 18%, 70%, and 2% of
SPADNS onto XAD 2, XAD 7, and silica gel, respectively. Adsorption
of HL4 and L5 species on the solid phases was not observed. The
low afﬁnity of SPADNS for solid phases can be attributed to the
high solubility of azo dye in aqueous solutions and to the hydro-
phobic behavior of resin XAD 2 and silica gel. The high percentage
of SPADNS adsorbed on XAD 7 can be attributed to the intermedi-
ate polarity and more hydrophilic characteristic of XAD 7.
In order to increase the afﬁnity of SPADNS for the solid phases,
the cationic surfactant CTAB was added. Mori and Cassella [30] car-
ried out a similar procedure, which used the strategy of ion pair
formation between a cationic dye, crystal violet, and an anionic
surfactant, SDS (sodium dodecyl sulfate), to increase the afﬁnity
of the dye for polyurethane foam.
To evaluate SPADNS adsorption onto solid phases in the pres-
ence of CTAB, an analytical curve was ﬁrst constructed to verify
the linear range of absorbance versus SPADNS concentration.
Starting from a stock solution of 1.0  102 mol L1 SPADNS,
solutions of SPADNS were prepared with concentrations between
0.1 and 8.0  105 mol L1. An aliquot of 0.01 mol L1 CTAB was
added, keeping the concentration of surfactant equal to
2.0  104 mol L1. The pH of all of the solutions was observed to
be stable at a constant value of 7 without the addition of any buffer
solution. This is consistent with the hypothesis that the predomi-
nant species was H2L3.
By applying the linear least squares ﬁtting technique, the molar
absorptivity, corresponding to the linear coefﬁcient, and the corre-
lation coefﬁcient could be estimated. The curve was represented by
the following equation:
A510 ¼ ð1:793 0:001Þ 104CSPADNS þ ð0:002 0:002Þ; r2 ¼ 0:9990
ð1Þ
For kinetic studies of the adsorption of SPADNS onto XAD 2,
XAD 7, and silica gel in the presence of the surfactant, CTAB con-
centrations ranged from 0.1 to 1.0  103 mol L1, while the con-
centration of SPADNS was 4.0  105 mol L1.
The results (Fig. 1) demonstrated that adding the surfactant
concentration up to 2.0  104 mol L1 increased signiﬁcantly the
adsorption efﬁciency, except for adsorption onto XAD 2, which
showed an adsorption more signiﬁcant only in the presence of
1.0  104 mol L1 CTAB – Fig. 1a.
Fig. 1a shows that the maximum adsorption is reached after
20 min in the presence of 1.0  104 mol L1 CTAB, and the adsorp-
tion is less signiﬁcant in higher CTAB concentrations or in the ab-
sence of CTAB. Fig. 1b shows that the maximum adsorption of
SAPDNS onto XAD 7 occurs after 15–20 min, respectively, in the
presence of 1.0 and 2.0  104 mol L1 CTAB. Comparing the
adsorption at these concentrations to those without CTAB or with
1.0  103 mol L1, CTAB shows that adding CTAB at concentra-
tions above the CMC (CMC = 9.0  104 mol L1) causes the ad-
sorbed mass to decrease signiﬁcantly.
Adsorptiononto silica gel, as shown in Fig. 1c, again increased sig-
niﬁcantly in the presence of CTAB. The time for maximum adsorp-
tion was 10 and 40 min, respectively, in the presence of 1.0 and
2.0  104 mol L1 CTAB. Again, the adsorptionwas affected by add-
ing 1.0  103 mol L1 of CTAB as observed for all solid phases.
The results showed that the adsorption efﬁciency of SPADNS in
the presence of CTAB increased signiﬁcantly, close to 100%, whencompared to the adsorption in deionized water. The high solubility
of SPADNS in water may be responsible for the low afﬁnity.
It is believed that CTAB increases adsorption by causing the
SPADNS and cationic surfactant to form an ion pair that has a stron-
ger afﬁnity for the solid phases. Increasing the CTAB concentration
above the CMC was observed to decrease adsorption, meaning that
the formation of surfactant micelles may prevent the formation of
ion pairs and therefore reduces adsorption onto solid phases [31].
Because strong adsorption was observed for solutions with
1.0  104 mol L1 CTAB, which corresponds to a molar ratio of
CTAB to SPADNS equal to 2.5, this ratio was kept constant in sub-
sequent studies for all solid phases (XAD 2, XAD 7, and silica gel).
Keeping the SPADNS concentration equal to 4.0  105 mol L1
and the ratio of CTAB 2.5 times higher (1.0  104 mol L1), the pH
value of SPADNS solutions was varied to maintain the predomi-
nance of different species – H2L3, HL4, and L5. There were no
signiﬁcant differences in the adsorption as a function of pH, except
on silica gel, which, in the prevalence of the HL4 species, showed a
negligible afﬁnity. Considering the high afﬁnity of the SPADNS for
solid phases in the presence of CTAB and in the predominance of
the species H2L3, subsequent studies maintained the pH at 7.0.
3.2. Kinetic models
Adsorption of SPADNSwas measured with initial concentrations
ranging from 2.0 to 6.0  105 mol L1, while a constant ratio of
CTAB to SPADNS of 2.5 and a constant pH of 7.0 were maintained.
Fig. 2 shows the increase in adsorbed SPADNS mass per mass of
solid phase – (a) XAD 2, (b) XAD 7, and (c) silica gel – with increas-
ing concentration of SPADNS in solution. The time for maximum
adsorption increased with increasing concentration of SPADNS
and was not observed after a contact time greater than 2 h for
the SPADNS concentration of 6.0  105 mol L1. The increase in
adsorbed mass for all solid phases demonstrates the high number
of active sites or a multilayer adsorption process [32].
The experimental data presented in Fig. 2 (a) XAD 2, (b) XAD 7,
and (c) silica gel were tested against kinetic models of pseudo-
ﬁrst-order, pseudo-second-order, and intraparticle diffusion. The
Eqs. (2)–(4) represent such models, respectively:
logðqmax  qtÞ ¼ logqmax;calc 
k1
ð2:303Þ t ð2Þ
where qmax is the maximum amount of adsorbate (SPADNS) in g or
mol adsorbed per gram of adsorbent (solid phase) after the equilib-
rium, qt is the amount of adsorbate (g or mol) adsorbed per gram of
adsorbent at a given time, qmax,calc is the maximum amount of
adsorbate (g or mol) adsorbed per gram of adsorbent calculated
after the equilibrium, t is the time in minutes, and k1 is the rate con-
stant of the pseudo-ﬁrst-order process.
t
qt
¼ 1
k2q2max;calc
þ 1
qmax;calc
t ð3Þ
where k2 is the rate constant of the pseudo-second-order
adsorption.
qt ¼ kp t1=2 þ C ð4Þ
kp is the rate constant for intraparticle diffusion and C is the
intercept.
Considering the difference between qmax,calc and qmax,exp (exper-
imental) and the correlation coefﬁcient of the curves log (qmax  qt)
versus t, the model of pseudo-ﬁrst-order adsorption could not
approximate any of the curves for all of the concentrations tested
in any solid phase.
By adjusting the experimental data, the kineticmodel of pseudo-
second-order adsorption showed an excellent ﬁt for the different
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Fig. 1. Adsorbed mass of SPADNS per unit mass of (a) XAD 2, (b) XAD 7, and (c) silica gel on time of contact, () without CTAB and different concentrations of CTAB (mol L1):
(j) 1.0  104, (d) 2.0  104 and (") 1.0  103. [SPADNS] = 4.0  105 mol L1 and pH 7.0.
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resin. The curves of t/qt versus t are shown at Supplementary mate-
rial Fig. SM.4 (a) XAD 2, (b) XAD 7, and (c) silica gel. Table 2 shows
some parameters obtained from the angular coefﬁcients (qmax.calc)
and linear (k2) of curves presented in Fig. SM.4 (Supplementary
material). A good agreement between the values of qmax,calc and
qmax,expwas obtained, and an excellent correlation coefﬁcient shows
that the experimental data ﬁt the model of pseudo-second order. In
other words, for every two adsorption sites, there is onemolecule of
adsorbed SPADNS [11,16,33].
The adsorption was controlled by a diffusion intraparticle
mechanism only for a SPADNS concentration of 6.0  105 mol L1
on silica gel and between contact times from 2.5 to 15 min. As can
be observed in Fig. 3, the curve consists of three distinct regions.
The ﬁrst part can be considered an external surface adsorption or
a faster adsorption stage, while the second region is a gradual
adsorption stage, and the third region is attributed to the equilib-
rium stage ﬁnal. In the intermediate stage, where adsorption is
gradual, the process can be controlled by intraparticle diffusion,
because in the third stage, the intraparticle diffusion starts to de-
crease, due to the low concentration of adsorbate in solution [16].
This mechanismwas also observed by Mori and Cassella [30]. At
higher concentrations of crystal violet in the middle of SDS, they
observed that the process of intraparticle diffusion played an
important role in the kinetics of adsorption.
3.3. Spectrophotometric and conductometric study of the interaction
of SPADNS with CTAB
Spectra of SPADNS obtained at different concentrations of CTAB
– Fig. 4 – present a wavelength of maximum absorption at 508 nm.Adding 1.0  104 mol L1, CTAB causes another region of the spec-
trum to appear at a wavelength close to 535 nm and the absor-
bance value also decrease. By adding concentrations of 2.0 and
9.0  104 mol L1 CTAB, the spectra show higher absorbance val-
ues, but have similar spectral characteristics to that obtained at
lower concentration of CTAB. Above the critical micelle concentra-
tion of CTAB 9.0  103 mol L1, absorbance is higher than that ob-
tained at lower concentration of surfactant and similar spectral
characteristics to that obtained to pure SPADNS are observed.
A considerable number of studies have shown that surfactants
can affect the spectral characteristics of dyes such as azo com-
pounds due to the aggregation of dye molecules or the formation
of an ion pair between dye and surfactant, resulting in charge
transfer between these compounds. Changes in spectral character-
istics of the dye in the presence of different amounts of surfactant
may be related to equilibria involving the surfactant monomers,
micelles, aggregation of the dye, complex formation between the
dye and surfactant, and the incorporation of dye in the micelle
[33,34].
Conductivity measurements of surfactant solutions were also
used to elucidate the interaction between SPADNS and CTAB. Fig. 5
shows the conductivity, in aqueous solution, of both CTAB andmix-
tures of SPADNS and CTAB with different concentrations of surfac-
tant. If there were no interaction between the SPADNS and CTAB
in solution, the expected conductivity measurements would be the
sumof the conductivities of each species, andhence the conductivity
would increase linearly with CTAB concentration [35].
As shown in Fig. 5, the conductivity of CTAB is higher than that
of the mixture SPADNS–CTAB. The most signiﬁcant difference in
conductivity in the concentration of 1.0  104 mol L1 CTAB
may be due to the formation of a nonconductive species or a
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Fig. 2. Adsorbed mass of SPADNS per unit mass of (a) XAD 2, (b) XAD 7, and (c) silica gel on time of contact at different concentrations of SPADNS (mol L1): (j) 2.0  105,
(d) 4.0  105 and (N) 6.0  105. CTAB/SPADNS ratio 2.5:1 and pH 7.0.
Table 2
Kinetic parameters of pseudo-second order of SPADNS adsorption in the midst of CTAB onto XAD 2, XAD 7, and silica gel at pH 7.
SPADNS concentration (mol L1) k2 min1 g solid phase g1 SPADNS qmax g SPADNS g1 resin or silica r2
Exp. Calc.
XAD 2
2.0  105 5.63  102 1.13  103 1.16  103 0.999
4.0  105 1.10  102 2.29  103 2.47  103 0.994
6.0  105 5.09  101 3.41  103 3.58  103 0.998
XAD 7
2.0  105 5.23  102 1.13  103 1.24  103 0.995
4.0  105 2.42  102 2.29  103 2.47  103 0.995
Silica gel
2.0  105 1.99  103 8.24  104 8.13  104 0.999
4.0  105 1.77  103 2.03  103 2.05  103 0.999
6.0  105 2.84  102 3.20  103 3.29  103 0.999
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what decoupled [35].3.4. Theoretical results
3.4.1. Gas phase
Fig. 6 presents optimized gas-phase geometries for trans-
SPADNS (a) and CTAB (b). Results for cis-SPADNS optimized
geometry and electronic properties are presented in the Supple-
mentary material (Fig. SM.5). Trans-SPADNS is almost planar with
the phenyl ring rotated at about 12 with respect to the naphtha-
lenedisulfonic group. The dipole moment is similar for both
conformers, with the trans conformation being more stable than
the cis by 13.6 kcal/mol. Simple dipole–dipole interaction sug-
gests that the formation of an ion pair between CTAB and SPADNS
should occur preferentially at the central SO3 group.The theoretical spectra obtained in gas phase for cis- and trans-
SPADNS are presented in the Supplementary material Fig. SM.6.
These spectra present two transitions in the experimental region
of interest. The more intense transition (oscillator strength
f = 0.58 at 380 nm for trans-SPADNS) is mainly composed of a
HOMO? LUMO transition while the weaker transition (f = 0.02
at 499 nm) has contributions coming from HOMO-1, HOMO, and
LUMO molecular orbitals. These orbitals are displayed in Fig. 7.
As illustrated in this ﬁgure, there is a charge transfer from the mid-
dle SO3 to the conjugated system for HOMO? LUMO transitions.3.4.2. Molecular dynamics
The purpose of these simulations was to match two experimen-
tal conditions under which the spectrum was obtained, namely the
pure SPADNS, and the spectra at a concentration ratio of 1:2.5
SPADNS/CTAB 4.0  105:1.0  104 mol L1 (see Fig. 4). A 1 ns
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ity of CTAB, (j) conductivity of SPADNS + CTAB. SPADNS 4.0  105 mol L1 and pH
7.0.
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tions to uncover, at the molecular level, the differences observed in
the experimental measurements. Solvent radial distribution func-
tions have been computed for CTAB and were converged for that
simulated time.During the simulated time for the SPADNS/CTAB run, we ob-
served the formation of a complex of SPADNS with CTAB mole-
cules. As expected, the CTAB distribution around SPADNS is not
isotropic with molecules showing a preference to cluster around
the SO3 groups, especially around the middle SO

3 group, as sug-
gested from gas-phase dipole calculations. For the following dis-
cussion, we deﬁned the SPADNS/CTAB distances as the distance
between the S SPADNS atom on the SO3 groups and the N CTAB
atom on the NHþ3 group. In this reference, the minimum equilib-
rium geometry for the complex has a distance of approximately
5 Å. Considering an arbitrary cutoff of 15 Å, we observed the for-
mation of a loosely bound complex of SPADNS with one, two,
and sometimes three CTAB molecules with two being the most
probable coordination number. During most of the dynamics, there
was always one CTAB molecule at a distance of 10 Å or closer to the
middle SO3 group of the SPADNS molecule. Supplementary mate-
rial (Figs. SM.7 and SM.8) shows the distance between the S atom
from the middle SPADNS SO3 group and the N atoms of the CTAB
molecules.
By contrast, simulations with SPADNS in water along its Na+
counter ions showed a somewhat different behavior. Even though
electrostatic interaction still dictates that Na+ visit positions close
to the SO3 groups frequently, the ﬂuctuations were much larger
then with the SPADNS/CTAB run. During the dynamic simulations,
the Na+ ions alternated their positions around the SO3 groups
much more frequently then the CTAB counter ions (see Supple-
mentary material). This is obviously related to the marked differ-
ence in size and diffusion coefﬁcient of the counter ions. The
faster dynamics of the Na+ ions resulted in a broader distribution
of conﬁgurations regarding their distances to the SPADNS molecule
with implications to the computed theoretical spectra.3.4.3. Condensed-phase spectrum calculations
We have calculated spectra for selected conﬁgurations deter-
mined by molecular dynamics for three different systems: (i)
SPADNS, (ii) SPADNS and counter ions, and (iii) SPADNS and CTAB.
The ﬁrst solvation shell was included in all condensed-phase (solu-
tion) spectral calculations. Results are presented in Fig. 8. Gas-
phase results are included for comparison purposes.
Inclusion of the ﬁrst solvation shell causes a red shift of the
more intense transition (near 400 nm) when compared to gas-
phase spectrum. The region at 500 nm is populated around the
gas-phase transition (499 nm) with low oscillator strength transi-
tions. The presence of counter ions resulted in peaks appearing
in the range of 450–650 nm, which corresponds to a broadening
of the band in the 500 nm region. When CTAB molecules replace
the counter ion, this band becomes more localized around 500 nm.4. Conclusions
Results have shown that SPADNS adsorption onto resins and sil-
ica gel was signiﬁcantly higher after the addition of CTAB to the
medium. The elucidation of the adsorption process was accom-
plished using kinetic models at a ﬁxed 2.5:1 CTAB/SPADNS ratio
and a pH of 7 (so that H2L3 is the predominant species). It was ob-
served that, by varying SPADNS concentration, adsorption follows
a pseudo-second-order process suggesting that for every two
adsorption sites, there is one adsorbed SPADNS molecule. The
adjustment to a pseudo-second-order process is in agreement with
other data published in the literature [5]. The adsorption onto silica
gel was controlled by intraparticle diffusion for a deﬁned SPADNS
concentration. This process plays an important role on the kinetics
of adsorption, mainly in the ﬁrst minutes of the adsorption process
as pointed out by Antônio et al. [16].
Fig. 6. Structures obtained for (a) trans-SPADNS and (b) CTAB and corresponding total energy (ET) and dipole moment modulus (l) and vector representation.
Fig. 7. Graphic representation of main molecular orbitals involved in trans-SPADNS electronic transitions.
Fig. 8. Theoretical absorption spectra obtained for trans-SPADNS in gas phase
(black columns) and with ﬁrst solvation shell (red columns), counter ions (blue
columns), and CTAB molecules (gray columns). Experimental absorption spectrum
of SPADNS in aqueous solution (4  105 mol L1) is included for comparison
purposes. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
376 A.C.R. Gomes et al. / Journal of Colloid and Interface Science 367 (2012) 370–377We have carried out experimental and theoretical investiga-
tions in order to better understand the role of CTAB in modulating
the deposition of SPADNS onto solid phases. By focusing on the
spectral characteristics, conductivity measurements, and theoreti-
cal modeling of SPADNS/CTABmixtures, we were able to character-
ize the distinct properties of the optimal CTAB/SPADNS ratio (of
2.5:1) solution. Results from theory and experiment point to an
ion pair formation between CTAB and SPADNS that could lead to
a higher afﬁnity of SPADNS to the solid phases. Theoretical results
indicate that ion pair is composed of one CTAB molecule bound to
the middle SPADNS SO3 group. Moreover, a second CTAB mole-
cule forms a loosely bound complex with SPADNS throughout
the simulated time. Spectral changes observed experimentally
(and also observed elsewhere [34]) are interpreted in light of the
molecular orbitals involved in the transitions.
The agreement between the main features of the computed the-
oretical and experimental spectra along conductivity measure-
ments validates the ion pair formation interpretation. By pairing
carefully chosen experiments with atomistic modeling, we strive
to contribute toward a better understanding of the effects of sur-
factants on the absorption process of dyes onto solid phases.
Among the applications that can beneﬁt from the present study
is the adsorption of dyes from textile industry wastewater, which
can be inﬂuenced by the presence of surfactants [5,36].
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